Introduction {#Sec1}
============

Osteogenesis imperfecta (OI) is a genetic disorder of the bone extracellular matrix. The hallmark features of OI are bone fragility and susceptibility to fractures. About 90% of OI cases are caused by dominant mutations in one of the two genes encoding type I procollagen, *COL1A1* and *COL1A2*. The novel protein osteopotentia (Opt) has recently been described as an essential regulator of postnatal osteoblast maturation and might possibly be responsible for some of the rarer types of OI \[[@CR1], [@CR2]\]. Loss of Opt leads to impaired type I collagen synthesis and a consequent failure of bone modeling \[[@CR2]\], suggesting that *Opt* deficiency may be responsible for some rarer forms of recessive OI \[[@CR1], [@CR2]\].

Mice homozygous for an insertional mutation in the *Opt* gene die predominantly at birth of undetermined causes. However, a subset survives long enough to develop striking skeletal abnormalities similar to those seen in humans with more severe forms of OI \[[@CR2]\].

We employed *Opt*-mutant mice to demonstrate the ability of micro-CT (μCT) to characterize the phenotypic skeletal pathology in comparison to conventional radiography and traditional histology. The power of μCT scanning to obtain such information is illustrated and the importance of two-dimensional (2D) multiplanar reconstructions (MPRs) in addition to more commonly employed three-dimensional (3D) surface-rendered images is emphasized.

Materials and methods {#Sec2}
=====================

The study was approved by the institutional review boards of the University of California at San Francisco and Berkeley.

Animals {#Sec3}
-------

Four *Opt*-homozygous mutant mice and three wild-type controls, all 20-day-old females, were selected for these studies. Animals were maintained in a facility in accordance with the institutional guidelines on animal research and were euthanized by means of CO~2~ inhalation.

Conventional radiography {#Sec4}
------------------------

Radiography in two planes was performed on all animals. All radiographs were acquired at 70 kVp with Kodak Diagnostic Film, X-OMAT (Industrial Film), with 5.94 s exposure time, a spatial resolution of 10 lp/mm and at 68 cm focus-to-film distance. Assessment of radiographic images was performed with the help of a magnifying glass, and several skeletal abnormalities focusing on fractures, sclerosis and deformities were recorded.

Micro-CT {#Sec5}
--------

The μCT system is a cone beam tomograph (μCT 40; Scanco Medical, Bassersdorf, Switzerland) with a micro-focus X-ray tube providing a 10-μm focal spot. The source produces a cone beam that is detected by a charge coupled device array. The specimens were scanned in the transverse plane, mounted in a cylindrical sample holder with a current of 144 μA, a voltage of 55 kVp, at an isotropic resolution of 30 μm and a field of view of 30.7 mm (image matrix 1,024 × 1,024 pixels). Scanning times varied between 4.2 and 7.8 h depending on the coverage of anatomy and animal size respectively. Image reconstruction times were 8.4 to 15.6 h. 3D surface reconstructions were performed using the μCT software at the same threshold.

Additional MPRs were performed on a desktop computer using customized software for image analysis \[[@CR3], [@CR4]\]. The image datasets were exported in DICOM 3.0 format from the micro-CT scanner. Slice thickness of these reconstructions was 30 μm. The images were evaluated for appearance and detectability of bone pathology.

Histology {#Sec6}
---------

Two of the mutant littermates were sectioned and sections were stained by trichrome reagent (collagen in cartilage stains light blue, collagen in bone stains dark blue, muscle fibers and cellular cytoplasm stain red). Multiplanar reconstructions of μCT data were employed to compare directly with the histological sections.

Results {#Sec7}
=======

All *Opt*-mutant mice exhibited severe growth retardation. In no instance did any of the control mice exhibit any of the skeletal abnormalities evident in the *Opt* mutants.

Conventional radiography {#Sec8}
------------------------

Detection of skeletal pathology was impaired on conventional radiographs due to limitations in resolution. Optical magnification improved detectability slightly, but diagnosis of fractures was only possible for the femur, forearm and some ribs as evidenced by callus formation (Fig. [1](#Fig1){ref-type="fig"}). All *Opt*-mutant mice exhibited fractures of the distal forelimbs and in three of these mice fractures of the proximal humerus were suspected on the conventional radiographs. Fig. 1Whole-body radiographs of 20-day-old control (*left*) and Opt-deficient (*right*) animals. No skeletal pathology is apparent in the control; by contrast, fractures of the forelimbs are apparent in the mutant (*white arrows*). Hyperplastic callus formation is also shown at the paravertebral portion of the ribs (*black arrows*). These images contain insufficient spatial resolution for detailed analysis of bony pathologies

Micro-CT {#Sec9}
--------

Fractures of the radius and ulna as well as of the proximal humerus were observed on μCT. All of these fractures showed marked callus formation and were superiorly visualized by the 2D MPRs in comparison to the 3D surface reconstruction (Fig. [2](#Fig2){ref-type="fig"}). Dependent on the threshold applied the 3D surface reconstructions showed some of the pathologies, while the multiplanar reconstructions superiorly depicted the fracture characteristics. Due to the immaturity of the skeleton, epiphyseal ossification centers could be easily distinguished for the metacarpals and phalanges, which were only depicted on the MPRs. Marked sclerosis of the metacarpal epiphyses in comparison to the controls was evident (Fig. [2a](#Fig2){ref-type="fig"}). Fig. 2Micro-CT of forelimbs from 20-day-old Opt-deficient animals. **a** Ulnar and radial fractures are depicted in the 3D surface reconstruction (*upper image*) as well as in the 2D coronal multiplanar reformation (MPR; *lower image*). Fractures of the distal ulna and radius are seen in the 3D surface reconstruction (*small black arrows*). In addition, a fracture at the base phalanx of DII is suspected (*large black arrow*). Cortical disruption is superiorly visualized in the MPR (*white arrows*). Sclerotic epiphyses are seen at the metacarpals, which were only visualized on the MPR (*arrowheads*). **b** Fractures with cortical disruption are clearly shown for the distal radius and ulna in the 3D reconstruction (*upper image*). Additional fractures of the proximal humerus and possibly some metacarpal bones were suspected. Additional information is provided by the 2D MPR (*lower image*), which verified these suspected findings. A definite cortical discontinuity is shown at the humerus (*arrow*) and the metacarpals (*arrowheads*)

Traditional histology {#Sec10}
---------------------

The histological sections verified several of the diagnosed skeletal abnormalities. Examples are shown in Fig. [3](#Fig3){ref-type="fig"}. The histologically depicted fractures were all diagnosed by μCT, although the destructive approach of histology after decalcification led to partially altered bone contours in comparison to the μCT images (Fig. [3a](#Fig3){ref-type="fig"}). Correlation of a metacarpal II fracture with μCT results is presented in Fig. [3b](#Fig3){ref-type="fig"}. While the 3D surface display μCT reconstruction barely depicts the fracture line, the coronal MPR clearly demonstrates the course of the fracture line. Fig. 3A 20-day-old *Opt*-deficient animal. Histological correlation. **a** Histological coronal section (*left image*), 10-μm thickness, trichrome stain (collagen in cartilage is depicted with *light blue*, collagen in bone stains *dark blue*, muscle fibers and cellular cytoplasm stain *red*), depicts a fracture in the process of healing visualized as a *dark blue* band (*black arrows*). Corresponding coronal 2D μCT MPR (*middle image*) clearly shows the ulnar fracture (*black arrows*). In addition, hyperplastic callus formation is observed (*white arrows*). Note that an exact corresponding reconstruction of the μCT data to the histological image is not possible as the sectioning procedure performed after μCT scanning slightly altered the structure of the forelimb. The 3D surface reconstruction (*right image*) only yields inferior information content in comparison to coronal MPR. *White arrows* point toward the fracture lines. **b** Histological coronal section, 10-μm thickness, trichrome stain (*left image*), shows an oblique fracture of the diaphyseal metacarpal II of the right forelimb without callus formation. The *arrowheads* point to the distal cortices of the fractured metacarpal, the *arrows* point toward the proximal cortices of the fracture. The 2D coronal reformation of the μCT data (*middle image*) shows the fracture line in similar fashion (*arrowheads* depict the distal part of the fracture, *arrows* depict the proximal part of the fracture). The 3D surface reconstruction (*right image*) only inferiorly delineates the oblique metacarpal fracture (*white arrow* points toward the fracture line)

Discussion {#Sec11}
==========

Micro-CT has become a powerful technique in non-destructive 3D imaging and morphometric analysis. This method allows for extremely high-resolution imaging and quantitative analysis due to high matrix and isotropic voxel size that can be as low as 5 microns. The major applications of micro-CT to date have been the analysis of bone \[[@CR5]--[@CR8]\], vascular and parenchymal microstructure in animal models \[[@CR9], [@CR10]\], and the characterization of the phenotype of transgenic and knockout animal models during pre-clinical investigations \[[@CR11], [@CR12]\]. Further applications include dental research, including measurement of enamel thickness, root canal morphology, evaluation of root canal preparation, craniofacial skeletal structure, and other parameters \[[@CR13]\].

The ability to demonstrate skeletal pathology in three dimensions offers a means of assessing phenotypic alterations in mutant mice. The technique allows for a level of assessment that lies between gross inspection and radiography on one side and histological analysis on the other. Histology demonstrates microscopic changes, including cellular alterations, but is destructive and restricted to 2D-sampling of 3D structures. μCT is able to visualize anatomical structures without the physical disruption of the sample. Post-processing procedures allow for 3D reconstructions as well as 2D MPRs or other reconstructions in any given plane without loss of information. An excellent example of a qualitative characterization of a mutant mouse model was presented by Ford-Hutchinson and co-workers \[[@CR14]\]. However, as in other comparable studies, only threshold-dependent 3D surface reconstructions were employed to visualize skeletal pathology and no histological correlation was provided \[[@CR11], [@CR15]\]. While the 3D surface-rendered reconstructions give a good overview of deformities and bone shape, in general intraosseous and cortical details are not visualized. In our study customized reconstruction software was employed to generate 2D MPRs of the original dataset on a desktop computer system \[[@CR3], [@CR4]\]. This allowed for superior characterization of the observed skeletal abnormalities. To our knowledge this has not been performed in μCT analysis before, but multiple publications have proved its value for the analysis of skeletal structures in clinical CT settings, especially since the introduction of multislice CT systems \[[@CR16], [@CR17]\].

Advantages of μCT compared with μMRI or μPET are its widespread availability in research institutions, its superior cost-efficiency, its well-known capacities for analysis and visualization of bone structure, and the possibility of multiplanar reconstructions with the same resolution as the original axial data set. Limitations of the technique include inferior soft-tissue contrast, its inability to visualize cellular detail, and relatively long scanning periods \[[@CR18]\]. Excellent overviews of the technical background and applications of μCT were presented recently \[[@CR19], [@CR20]\].

The ability to non-invasively follow changes over time in vivo will further establish μCT as a standard evaluation technique for such studies \[[@CR21]\]. While the benefits of in vivo μCT imaging are clear, additional issues must be considered that do not have an impact on ex vivo scanning. First, the potential effects of ionizing radiation on the body region of interest (e.g., bone development and growth) must be assessed. A second potential complication of in vivo imaging is that respiratory movement while the animal is scanned under anesthesia may decrease image quality. Finally, the ability to precisely track alterations in local bone architecture and growth requires the ability to accurately register images captured over time \[[@CR22]\].

As X-ray traverses the body, a certain amount of the radiation is absorbed, which in biological samples may cause some damage. This is generally no problem for ex vivo measurements of samples, but must be taken into account when imaging live animals. The exact dose deposition depends on many factors, such as energy, total integration time, scatter, and leakage, and must be measured for each system and each scanning mode. μCT scanners designed for in vivo measurements all provide these data, whereas these data are usually not available for ex vivo systems \[[@CR23]\].

Imaging times in our study were relatively long due to the high resolution required for detailed skeletal analysis. For this reason it is of great importance to properly fix the sample in the sample holder so that no movement during the measurement is possible.

The mouse model we employed for illustration of the ability of μCT to characterize skeletal pathology is the result of an insertional mutation in the *Opt* gene. Surviving homozygous mutant animals exhibit phenotypic features resembling severe OI. Concerning bone structural parameters μCT revealed significantly reduced trabecular bone volume and dramatically thinner cortices in long bones, despite only mild perturbations to the organization of growth plate chondrocytes. Trabecular number and thickness decreased significantly in long bones of the homozygous animals, whereas trabecular separation increased. In particular hypertrophic callus formation at fracture sites is reminiscent of type V OI \[[@CR1], [@CR2]\].

In summary, we were able to visualize an array of skeletal pathologies in *Opt*-mutant mice by the non-destructive approach of μCT imaging that qualitatively correlated with histological findings. In addition to commonly employed and thresholding-dependent 3D surface reconstructions the superior and additional information obtained by generating additional 2D MPRs was shown in an exemplary fashion and should be considered for future characterization of comparable animal models of skeletal disease.
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